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Transgenic mice expressing the polyomavirus (PyV) middle T antigen (MT) develop multifocal mammary
tumors which frequently metastasize to the lung. The potent transforming activity of PyV MT is correlated with
its capacity to activate and associate with a number of signaling molecules, including the Src family tyrosine
kinases, the 85-kDa Src homology 2 subunit of the phosphatidylinositol 3* (PI-3*) kinase, and the Shc adapter
protein. To uncover the role of these signaling proteins in MT-mediated mammary tumorigenesis, we have
generated transgenic mice that express mutant PyV MT antigens decoupled from either the Shc or the PI-3*
kinase signaling pathway. In contrast to the rapid induction of metastatic mammary tumors observed in the
strains expressing wild-type PyV MT, mammary epithelial cell-specific expression of either mutant PyV MT
resulted in the induction of extensive mammary epithelial hyperplasias. The mammary epithelial hyperplasias
expressing the mutant PyV MT defective in recruiting the PI-3* kinase were highly apoptotic, suggesting that
recruitment of PI-3* kinase by MT affects cell survival. Whereas the initial phenotypes observed in both strains
were global mammary epithelial hyperplasias, focal mammary tumors eventually arose in all female transgenic
mice. Genetic and biochemical analyses of tumorigenesis in the transgenic strains expressing the PyV MT
mutant lacking the Shc binding site revealed that a proportion of the metastatic tumors arising in these mice
displayed evidence of reversion of the mutant Shc binding site. In contrast, no evidence of reversion of the PI-3*
kinase binding site was noted in tumors derived from the strains expressing the PI-3* kinase binding site MT
mutant. Tumor progression in both mutant strains was further correlated with upregulation of the epidermal
growth factor receptor family members which are known to couple to the PI-3* kinase and Shc signaling
pathways. Taken together, these observations suggest that PyV MT-mediated tumorigenesis requires activation
of both Shc and PI-3* kinase, which appear to be required for stimulation of cell proliferation and survival
signaling pathways, respectively.

Mammary epithelial cell-specific expression of the polyoma-
virus (PyV) middle T (MT) oncogene in transgenic mice re-
sults in the induction of multifocal metastatic mammary tu-
mors involving 100% of the transgene carriers (19). The potent
oncogenic properties of the PyV MT are due to its ability to
associate with and activate a number of cellular signaling pro-
teins. One class of cellular enzymes activated by PyV MT
consists of members of the Src family tyrosine kinases (c-Src
and c-Yes) (8, 12, 27, 30). Expression of PyV MT in mammary
glands of Src-deficient mice rarely results in the induction of
mammary tumors (20), suggesting that activation of Src by PyV
MT is required for mammary tumorigenesis. Whereas activa-
tion of c-Src is required for the rapid induction of mammary
tumors, this event is not sufficient, because expression of a
constitutively active version of Src in the mammary glands of
transgenic mice rarely leads to tumorigenesis. Instead, acti-
vated c-Src induces mammary epithelial hyperplasias that
rarely progress to full malignancy (53).

One possible explanation for these observations is that in
addition to activation of the Src tyrosine kinase, PyV MT must
recruit additional cellular signaling pathways to effect malig-
nant transformation of the mammary epithelial cell. Indeed,
PyV MT is known to physically associate with and influence the
activity of other cellular proteins known to be involved in
proliferative signal transduction. In particular, PyV MT can
associate with the 85-kDa regulatory subunit of the phospha-
ditylinositol 39 (PI-39) kinase, resulting in its enzymatic activa-
tion (11, 54). The association of PI-39 kinase with PyV MT is
thought to occur through the binding of p85 Src homology 2
domains with specific tyrosine phosphorylation sites (tyrosine
residues 315 and 322) located in PyV MT (11, 54). More
recently, specific complexes between the Shc adapter protein
and PyV MT antigen have been reported (5, 14). These protein
complexes occur through the binding of the Shc protein phos-
photyrosine binding (PTB) domain to the tyrosine-phosphory-
lated NPTY motif located in PyV MT-coding sequences (MT
residues 247 to 250). The importance of these PyV MT protein
complexes in cellular transformation is supported by the ob-
servation that mutations that affect either tyrosine residue 250
or 315 and 322 in PyV MT-coding sequences interfere with
binding of Shc or PI-39 kinase, respectively, and result in a
dramatic impairment of the transforming potential of the PyV
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MT oncogene in vitro (31). In addition to these PyV MT-
associated proteins, stable complexes between protein phos-
phatase 2A (regulatory), protein phosphatase 2C (catalytic),
phospholipase g C (PLCg), and 14-3-3 proteins have also been
observed (36, 37, 47, 52). However, the significance of these
associated proteins in PyV MT-mediated transformation is not
known.

Previous studies with PyV MT mutants defective in their
capacity to couple with either the Shc or PI-39 kinase have
indicated that recruitment of both of these signaling proteins is
required for efficient transformation of established fibroblasts
in vitro (31). Association of Shc with PyV MT results in ty-
rosine phosphorylation of Shc at tyrosine residues 239, 240,
and 317, which in turn allows Shc to couple to a number of
downstream signaling molecules (18, 50). In particular, ty-
rosine phosphorylation of Shc on tyrosine 317 leads to the
recruitment of the Grb-2–SOS–Ras complex (42). Indeed, it
has been demonstrated that activation of Ras is required for
PyV MT-mediated transformation (22). Although tyrosine
phosphorylation of Shc on tyrosines 239 and 240 also results in
the recruitment of Grb-2, it has also been implicated in binding
several other distinct tyrosine-phosphorylated proteins (50). In
this regard, it has recently been reported that phosphorylation
of Shc on tyrosines 239 and 240 may be involved in activating
an antiapoptotic pathway acting independently of the Ras sig-
naling pathway (18). However, the identities of these Shc-
associated tyrosine-phosphorylated proteins are unclear (50).

Whereas binding of PyV MT to the Shc adapter protein
leads to activation of the Ras signaling pathway, the interaction
of PyV MT with the PI-39 kinase through PyV MT tyrosine
residues 315 and 322 results in stimulation of PI-39 kinase
activity, leading to the generation of 39-phosphinositide lipid
second messengers (11, 54). Moreover, activation of the PI-39
kinase by PyV MT appears to be critical for tumorigenesis,
since viral mutants lacking the MT PI-39 kinase binding site are
severely debilitated in their capacity to induce tumors in ani-
mals (16, 49). Recent studies have demonstrated that these
phosphoinositide lipids lead to specific activation of Akt and
S6 serine kinases, which may provide an important cell survival
signal (13, 23, 26, 29). In addition, there is also evidence to
suggest that activation of the PI-39 kinase may lead to down-
stream activation of the Rac GTP binding protein (41). There-
fore, activation of the PI-39 kinase by PyV MT ultimately may
influence cellular transformation by affecting both actin cys-
toskeleton and cell survival pathways (23, 24, 29, 41, 55).

Given that the role of certain signaling pathways, such as the
c-Src pathway, is highly dependent on the tissue context (20,
25), the function of the PI-39 kinase and Shc signaling mole-
cules in PyV MT-mediated mammary tumorigenesis remains
to be elucidated. To investigate the role of the PyV MT-
coupled PI-39 kinase or Shc signaling molecules in mammary
tumorigenesis, transgenic mice carrying mutant PyV MT anti-
gens decoupled from either Shc or PI-39 kinase signaling mol-
ecules under the transcriptional control of the mouse mam-
mary tumor virus (MMTV) long terminal repeat (LTR) were
derived. Mammary gland-specific expression of either mutant
PyV MT cDNA resulted in the induction of widespread mam-
mary epithelial hyperplasias. Interestingly, the mammary epi-
thelial hyperplasias derived from the mutant PyV MT defective
in its ability to associate with the PI-39 kinase are highly apo-
ptotic. Although the initial phenotype exhibited by both classes
of transgenic mice was global mammary epithelial hyperplasia,
focal mammary tumors eventually arose in both PyV MT mu-
tant strains with 100% penetrance. In a subset of mammary
tumors arising in transgenic mice expressing the PyV MT Shc
binding mutant, tumorigenesis involves reversion of the defec-

tive Shc binding site in the mutant PyV MT to its wild-type
configuration. In contrast, tumorigenesis in transgenic mice
expressing the PyV MT mutant decoupled from the PI-39 ki-
nase did not occur through reversion of the introduced muta-
tions in the transgene. The progression of the mammary epi-
thelial hyperplasias to tumors was also frequently associated
with upregulation of both the ErbB-2 and ErbB-3 receptor
tyrosine kinases, which also recruit the PI-39 kinase and Shc
signaling pathways. Taken together, these observations suggest
that activation of Shc and PI-39 kinase plays a critical role in
mammary tumor progression by modulating both cell prolifer-
ation and apoptosis.

MATERIALS AND METHODS

DNA constructions. To construct the MMTV/MT-Y315/22F mutant, PyV MT
cDNA derived from plasmid pMMTV/MT was subcloned into the HindIII and
EcoRI sites of Bluescript KS and subjected to standard M13 mutagenesis with
oligonucleotides AB1712 (TTGGCATGAACTCCTCC) and AB1713 (TGTCC
AAAAACAGATCC), resulting in conversion of wild-type MT tyrosine residues
315 and 322 to phenylalanine residues. The mutant sequences were confirmed by
automated DNA sequence analyses. The mutant cDNA was subsequently cloned
directionally into the HindIII-EcoRI sites of the MMTV expression vector (19).

To construct the pMMTV/MT-Y250F mutant, oligonucleotides AB3705 (CC
AGCGGTTCTGCAGAATGCC), AB3706 (TCATAACAGAAAAGGTCGG
G), AB3595 (GCCTAAGACTGCCGAGTCTTCTGAGCAACCCGACCTTTT
CTGTTATG), and AB3596 (ATGAGCCCTCTGCAAATCCCGAAGAATCA
GACCCTCCCATGG) were employed in a PCR-based strategy to generate a
tyrosine-to-phenylalanine residue substitution at amino acid residue 250 of the
PyV MT sequence. Briefly, matched sets of oligonucleotides harboring the nec-
essary nucleotide changes were used to amplify sequences upstream (AB3705-
AB3706) and downstream (AB3595-AB3596) of the target mutation site. These
PCR products overlap and were subsequently PCR amplified with oligonucleo-
tides AB3705 and AB3596 to generate a PCR product bearing the desired
mutation. Automated DNA sequence analyses confirmed the presence of the
nucleotide substitution allowing for the coding of a phenylalanine residue at MT
site 250. Moloney murine leukemia virus (Mo-MuLV)-based MT and MT mu-
tant expression cassettes were generated by subcloning the desired MT cDNA
from the MMTV-derived plasmids via unique HindIII and EcoRI sites into the
corresponding site of Mo-MuLV-based expression cassette pJ4-v (a gift from B.
Rowley).

The PyV MT antigen and PGK-1 ribonucleotide protection probe (riboprobe)
pSP65mT (MTR) were generous gifts from M. Rudnicki and J. Hassell (19). The
MTsn301 riboprobe used to distinguish between MT mutants MT-Y315/22F and
MT-Y250F contains a 513-nucleotide fragment (bounded by nucleotides 727 to
1240) in the SphI and NcoI sites of plasmid vector pSL301 (Promega). The
simian virus 40 (SV40) polyadenylation-specific riboprobe (SPA) contains the
SV40 polyadenylation signals (SV40 nucleotides 2536 to 2773 and 4103 to 4713)
in the BamHI and HindIII sites of Bluescript KS (Stratagene). After cleavage of
MTR and SPA with HindIII, PGK-1 with EcoNI, and MTsn301 with XbaI, the
antisense riboprobes was generated in vitro as described previously (34). All
oligonucleotide syntheses and automated DNA sequencing were performed by
Dinsdale Gooden and Brian Allore of the MOBIX Main Central Facility, Mc-
Master University.

Generation and identification of transgenic mice. DNA was prepared for
microinjection by digestion with 4 U of SalI and SpeI per mg for 1.5 h. The DNA
was electrophoresed through a 1% agarose gel and purified as described previ-
ously (43). Superovoluated FVB/N female mice (Taconic Farms, Germantown,
Pa.) were mated with FVB/N males the night before injection. After isolation of
the fertilized one-cell mouse embryos, the pronuclei of these zygotes were in-
jected with 0.5 to 1 pl of DNA solution (5 mg/ml). Following microinjection,
viable eggs were transferred to the oviducts of pseudopregnant Swiss-Webster
mice (Taconic Farms).

To identify transgenic progeny, genomic DNA was extracted from 1.5-cm tail
clippings as described by Muller et al. (34). The nucleic acid pellet was resus-
pended in 100 ml of distilled water at approximately 1 mg/ml, and 15 ml of the
DNA solution was digested with 30 U of BamHI for 1.5 h. Following gel
electrophoresis and Southern blot transfer (45) to GeneScreen filters (Dupont),
the filters were hybridized with transgene radiolabeled with [a-32P]dCTP (Du-
pont) by random priming. Radiolabeled probes derived from the PyV MT cDNA
were used to identify both MMTV/MT transgenic strains.

RNA analysis. RNA was isolated from various tissues by using the guanidium
isothiocyanate modification of CsCl gradient sedimentation described by Chir-
gwin et al. (10). Tissue was flash frozen in liquid nitrogen and stored at 280°C
or immediately homogenized in 3 ml of guanidine isothiocyanate (GIT) (Be-
thesda Research Laboratories) solution (4 M GIT, 25 mM sodium citrate, and
0.1 M b-mercaptoethanol). The homogenate was layered onto 4 ml of 5.7 M CsCl
containing 25 mM sodium acetate (pH 5.2), and RNA was pelleted by ultracen-
trifugation at 32,000 rpm and 20°C with an SW41Ti rotor (Beckman) for 24 h.
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GIT and CsCl layers were aspirated off, and the RNA pellet was resuspended in
500 ml of sterile water plus 300 mM sodium acetate (pH 5.2) and precipitated
with 2 volumes of ice-cold ethanol. The RNA yield was determined by UV
absorption at 260 nm (1 optical density unit 5 40 mg of RNA per ml).

RNase protection assays were performed as described by Melton et al. (33),
using 20 mg of total cellular RNA per tissue (except where noted) incubated with
1 ml of hybridization buffer [80% formamide, 40 mM piperazine-N,N9-bis(2-
ethanesulfonic acid) (PIPES) (pH 6.4), 1 mM EDTA (pH 8.0), and 400 mM
NaCl] at 85°C for 5 min. The hybridization reaction mixture was then allowed to
anneal for at least 8 h at 50°C and subjected to RNase digestion as described
previously (34). To detect pyrimidine mismatches or deletions, the hybridization
reaction mixtures were digested with 120 mg of RNase A per ml in the absence
of RNase T1 for 30 min at 37°C. Digests were terminated by addition of 20 to 30
mg of RNase-free tRNA and 500 ml of phenol-chloroform (1:1) followed by
ethanol precipitation. RNA pellets were dried for 10 min under vacuum, resus-
pended in 10 ml of formamide loading buffer (80% formamide, 10 mM EDTA
[pH 8.0], 1 mg of xylene cyanol FF per ml, 1 mg of bromophenol blue per ml)
boiled for 7 min at 95°C, and resolved in a 6% urea–polyacrylamide gel (40%
acrylamide–2% N,N9-methylene-bisacrylamide, 7 M urea, 0.001% ammonium
persulfate, and 0.0005% N,N,N9,N9-tetramethylethylenediamine [TEMED])
electrophoresed at 60 to 80 A in 13 TBE running buffer (0.1 M Tris, 0.08 M
boric acid, 0.002 M EDTA, pH 8.0). The gel was dried and exposed at 270°C to
Kodak XAR-5 film in the presence of intensifying screens.

Antibodies. Antibodies used include mouse monoclonal antibody pAb762 and
rat monoclonal antibody pAb701 for PyV MT (a generous gift from S. Dilworth,
ICRF London), rabbit polyclonal antibody N16 (Transduction Laboratories),
and mouse monoclonal antibody 7D10 (Quality Biotech) for Src. Also used in
these studies were antibodies specific for Shc (rabbit polyclonal and mouse
monoclonal) (Transduction Laboratories), the p85 subunit of PI-39 kinase (rab-
bit polyclonal) (Transduction Laboratories), and PLCg1 (mouse monoclonal)
(Upstate Biotechnology Inc.). Antibodies specific for ErbB-2 and ErbB-3 were
obtained from Oncogene Sciences (AB-3) and Santa Cruz Biotechnology (C-17),
respectively.

Protein extract preparation. Tissue samples were flash frozen in liquid nitro-
gen and ground to a fine powder with a chilled mortar and pestle. Cells were
lysed on ice for 30 min in TNE lysis buffer (20 mM Tris [pH 8.0], 150 mM NaCl,
1% Nonidet P-40, 2.5 mM EDTA, 1 mM sodium orthovanadate, 10 mM sodium
fluoride, 10 mg of aprotinin per ml, and 10 mg leupeptin per ml) with constant
agitation. Lysates were cleared by two consecutive centrifugations at 13,000 3 g
for 5 min each time. Supernatants were removed, and their protein concentra-
tions were determined with the Bradford assay kit (Bio-Rad).

Immunoblot analyses. Unless otherwise specified, a total of 100 mg of total
protein lysate was used for each sample analyzed. An equal volume of 23 protein
sample loading buffer (62.5 mM Tris [pH 6.8], 2% sodium dodecyl sulfate, 10%
glycerol, 5% b-mercaptoethanol, 0.02% bromophenol blue) was added, and
mixtures were boiled for 10 min at 95°C. Proteins were resolved in sodium
dodecyl sulfate-polyacrylamide gels and transferred electrophoretically onto
polyvinylidine difluoride membranes (Immobilon-P; Millipore). Membranes
were incubated overnight in 3% powdered skim milk in TBS (20 mM Tris [pH
7.5], 150 mM NaCl, 5 mM KCl) or 3% bovine serum albumin (Sigma) in TBS for
antiphosphotyrosine immunoblots. Membranes were subsequently incubated for
2 h at room temperature with antibodies (1:1,000 for all monoclonal antibody
preparations and 1:250 for all polyclonal antibody preparations). After being
washed four times (10 min each time) in TBS plus 0.01% Tween 20, membranes
were incubated for 1 h at room temperature with the appropriate secondary
antibody conjugated to horseradish peroxidase (Biocan Scientific) at 1:2,500. The
membranes were washed four more times in TBS plus 0.01% Tween 20, and
proteins were detected by using the enhanced chemiluminescence detection
system (ECL; Amersham).

Immunoprecipitations. Immunoprecipitations were performed by preincubat-
ing antigen-specific antibody (1 to 2 mg for monoclonal; 5 to 10 mg for polyclonal)
with 30 to 40 ml of protein G-Sepharose Fast Flow (Pharmacia) in 800 ml of 13
phosphate-buffered saline (140 mM NaCl, 2.7 mM KCl, 4.3 mM Na2HPO4, 1.4
mM KH2PO4) for 2 to 12 h at 4°C on a rotating platform. Antibody-bound beads
were washed once with 1 ml of phosphate-buffered saline and once with 1 ml of
lysis buffer. Total protein lysate (500 mg to 1 mg) was added to a total volume of
700 ml and incubated with the prebound beads for 1 to 5 h at 4°C on a rotating
platform. The beads were subsequently washed five times in lysis buffer, follow-
ing which bound antigen could be analyzed.

Histological evaluation and in situ apoptosis assays. Complete autopsies were
performed, and both gross and microscopic examinations were done. Five mice
from each time point (4, 8, 12, and 16 weeks) from transgenic strains MMTV/
MT, MMTV/MT-Y250F, and MMTV/MT-Y315/22F and nontransgenic strain
FVB/N were analyzed. Upper left mammary fat pad tissues were fixed in 4%
paraformaldehyde, blocked in paraffin, sectioned at 5 mm, stained with hema-
toxylin and eosin, and examined. Whole-mount preparations were prepared with
the upper right mammary fat pad as described by Vonderhaar and Greco (51).
Briefly, resected tissue was spread out on glass slides and allowed to air dry
overnight. After drying, the mammary glands were fixed by overnight incubation
in acetone. The glands were then squeezed between glass slides and placed in
fresh acetone the next morning. Harris modified hematoxylin was added for
overnight staining of the glands. Destain solution (1% concentrated HCl in 75%

ethanol) was added and discarded until the epithelial component of the mam-
mary gland was seen in sharp contrast to the light background of the fat pad. The
stain was fixed with a 30-s wash in 0.002% ammonium hydroxide. Slides were
then transferred to 75% ethanol for 5 min and then to 100% ethanol for 3 h.
Glands were cleared overnight in xylenes and mounted in Permount. In situ
apoptosis assays were performed with the Apopttag In Situ Apoptosis Detection
Kit (Oncor) as described previously (17). Analyses of apoptotic cell death in the
1A2 PyV MT-expressing mammary tumor cell line (1) was performed 72 h after
exposure of the cells to either control adenoviral beta-galactosidase or Cre
expression vectors (multiplicity of infection [MOI], 100).

RESULTS

Isolation and characterization of transgenic mice express-
ing PyV MT mutants defective in their ability to associate with
either the PI-3* kinase or Shc adapter molecule. Although
previous studies suggested that the association of either PI-39
kinase or Shc proteins with PyV MT was crucial in inducing
cellular transformation in established fibroblasts (31), the role
of these signaling molecules in PyV MT-mediated mammary
tumorigenesis is unclear. To assess the relative contributions of
these signaling molecules to tumorigenesis effected by PyV
MT, transgenic mice expressing a mutant lacking either the
Shc binding site (MT-Y250F) or the PI-39 kinase binding sites
(MT-Y315/322F) in the mammary epithelium were generated.
To accomplish this, the MT-Y315/322F and MT-Y250F mu-
tant MT cDNAs were placed under the transcriptional control
of the MMTV promoter-enhancer (Fig. 1A and C) and micro-
injected into one-cell mouse zygotes. This resulted in the gen-
eration of seven MT-Y315/322F transgenic and eight MT-
Y250F transgenic founder animals.

To examine expression of the transgene in these strains, 20
mg of total cellular RNA was isolated from a variety of tissues
and analyzed by RNase protection assays with an antisense
riboprobe spanning the first 203 nucleotides of the PyV early
region (19). Results from these analyses are summarized in
Table 1 for MT-Y250F strains and in Table 2 for MT-Y315/
322F strains. Results of representative RNase protection as-
says from the best-characterized lines from MT-Y315/322F
(Db-5) and MT-Y250F (250-5) are shown in Fig. 1B and D,
respectively. Consistent with previous studies with MMTV-
driven transgenes (6), the highest levels of transgene transcript
were detected in the mammary glands or mammary tumors
(Fig. 1B, lanes 10 and 16, respectively, and Fig. 1D, lanes 1 and
15, respectively). However, lower levels of transgene expres-
sion could be detected in the salivary glands and male repro-
ductive organs, particularly the epididymis and seminal vesicles
(Fig. 1D, lanes 11, 12, and 14, for MT-Y250F strain 5a; Table
2 for MT-Y315/22 strain Db-5).

Female transgenic mice expressing elevated levels of either
mutant PyV MT transgene (MT-Y250F or MT-Y315/322F) in
the mammary epithelium were incapable of nursing their
young. To examine whether this lactation defect was due to
aberrant epithelial development, whole-mount analyses was
conducted on 12-week-old virgin mammary fat pads derived
from FVB/N, MMTV/MT-Y315/322F, and MMTV/MT-Y250F
strains (Fig. 2). In contrast to the multifocal mammary tumors
arising in the MMTV/wild-type MT strains (19), mammary
gland expression of either the MT-Y315/322F or MT-Y250F
transgene in 12-week-old virgin animals resulted in the global
induction of mammary epithelial hyperplasias (Fig. 2). How-
ever, the mammary epithelial hyperplasias present in the MT-
Y315/322F strains differed in several aspects from those exhib-
ited by the MT-Y250F strains. For example, the MT-Y250F
strains had well-defined alveolar hyperplasias, which resem-
bled those exhibited by MMTV/transforming growth factor a
strains (Fig. 2C and D) (32). In contrast, the mammary epi-
thelial hyperplasias in the MT-Y315/322F strains were ex-
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tremely cystic and dilated without defined alveolar structures
(Fig. 2E and F).

Mammary epithelial hyperplasias induced by the mutant
PyV MT-Y315/322F transgene are highly apoptotic. One un-
usual histological feature of the mammary epithelial hyperpla-
sias derived from the MT-Y315/322F strains was the distended
ductal development, which histologically exhibited features of
apoptotic cell death. To test whether decoupling of the PI-39

kinase from the mutant PyV MT resulted in increased rates of
apoptosis, histological samples from age-matched 8-week-old
transgenic animals were subjected to an in situ apoptosis assay,
which scores for cells displaying extensive DNA fragmentation,
a characteristic of cells undergoing apoptotic cell death (TUNEL
[terminal deoxynucleotidyltransferase-mediated dUTP-biotin
nick end labeling] assay) (17, 48). The results of these analyses
revealed that mammary epithelial hyperplasias expressing the

TABLE 1. Transgene expression and onset of tumors in MMTV/MT-Y250F micea

Line

Expression of transgeneb in:
Avg onset of mammary

tumors (days)c Tumor types and hyperplasias
M.Gl.T (female)

M.GL.N
Sal. Epidid. Sem. Ves. Testes

Female Male

250-1 NA 2 2 2 2 2 2 None None
250-2 111 111 ND 111 ND ND ND 136 (26) M.Gl. adenocarcinomas, male

reproductive abnormalities
(vas deferens?), hypersensi-
tivity to parasitic infections

250-3 2 2 2 2 2 2 2 None None
250-4 2 2 2 2 2 2 2 None None

250-5(a) 111 111 2 11 1 11 2 142 (74) M.Gl. adenocarcinomas
250-5(b) 111 ND ND ND ND ND ND 211 (23) M.Gl. adenocarcinomas

250-6 NA 2 2 2 2 2 2 None None

250-7 NA 2 2 2 2 2 2 None None

250-8 NA 1 2 2 2 2 2 None None

a RNase protection analysis was performed on 20 mg of total RNA isolated from a variety of organs in the MMTV/MT-Y250F strains as described in Materials and
Methods.

b Relative levels of transgene expression (as determined by quantitative phosphorimager analysis): 2, not detected; 1, low; 11, intermediate; 111, high. M.Gl.N,
normal mammary gland; M.Gl.T, mammary gland tumor; Sal., salivary gland; Epidid., epididymus; Sem. Ves.; seminal vesicles; NA, not applicable; ND, not determined.

c The number of animals analyzed is given in parentheses.

TABLE 2. Transgene expression and onset of tumors in MMTV/MT-Y315/322F micea

Line

Expression of transgeneb in:
Avg onset of mammary

tumors (days)c Tumor types and hyperplasias
M.Gl.T (female)

m.Gl.N
Sal. Epidid. Sem. Ves. Testes

Female Male

Db-1 111 1 2 2 2 2 2 255 (17) M.Gl. adenocarcinomas
Db-2 (founder) NA ND ND ND ND ND ND None None

Db-3 111 1/2 2 ND ND ND ND 253 (15) M.Gl. adenocarcinomas
Db-4 111 111 2 11 2 2 2 120 (70) M.Gl. adenocarcinomas, salivary/

parotid neoplasms?, early
developmental failure to
arborize fat pad

Db-5 111 111 1 111 111 111 2 107 (55) M.Gl. adenocarcinomas, salivary/
parotid neoplasms?, early
developmental failure to
arborize fat pad

Db-6 111 1 2 2 2 2 2 ;200 M.Gl. adenocarcinomas

Db-7 (founder) 111 NA NA ND NA NA NA 65 (1) M.Gl. adenocarcinomas

a RNase protection analysis was performed on 20 mg of total RNA isolated from a variety of organs in the MMTV/MT-Y315/322F strains as described in Materials
and Methods.

b Relative levels of transgene expression (as determined by quantitative phosphorimager analysis): 2, not detected; 1, low; 11, intermediate; 111, high. M.Gl.N,
normal mammary gland; M.Gl.T, mammary gland tumor; Sal., salivary gland; Epidid., epididymus; Sem. Ves.; seminal vesicles; NA, not applicable; ND, not
determined.

c The number of animals analyzed is given in parentheses.
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mutant PyV MT-Y315/322F protein displayed extensive apo-
ptotic cell death (Fig. 3A). In contrast, comparable age-
matched mammary epithelial samples from either normal
FVB/N, PyV MT-Y250F, or wild-type MT tissues failed to
exhibit significant levels of apoptotic cell death (Fig. 3). Con-
sistent with these analyses, similar elevated rates of apoptotic
cell death were noted in mammary samples derived from an-
other independently derived transgenic strain expressing the
MT-Y315/322F mutant transgene (53a).

To further test the importance of the PI-39 kinase signaling
pathway in modulating apoptotic cell death, we derived several
independent cell lines that inducibly express a dominant neg-
ative inhibitor of the PI-39 kinase in an established mammary
tumor cell line expressing the wild-type PyV MT antigen (1).
The basis for the dominant negative action of the mutant PI-39
kinase derives from a specific mutation in the Src homology
2-bearing p85 subunit, which prevents its association with the
110-kDa catalytic subunit. As a consequence of this mutation,

FIG. 2. Histological analyses of mammary glands from FVB/N, MMTV/MT-Y250F, and MMTV/MT-Y315/22F transgenic animals. Photomicrographs comparing
the histological (A, C, and E) (magnification, 3100) and whole-mount (B, D, and F) (magnification, 310) appearances of virgin female FVB (A and B), MTY250F
(C and D), and MT-Y315/322F (E and F) mice 12 weeks after birth are shown. Note that the mammary tree from the MT-Y250F mouse (C and D) has extensive
formation of side buds along the major ducts. The MT-Y315/322F mammary tree has fewer side buds and a more dilated ductal system (E and F) with multilayered
epithelium (hyperplasia) (E) and the formation of solid nests of dysplastic cells (F, arrow).
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FIG. 3. Activation of the PI-39 kinase by PyV MT is involved in mammary tumor progression. (A) A panel of slide-mounted Mayer’s hematoxylin-stained mammary
tissue sections from age-matched mice from nontransgenic FVB/N or transgenic MMTV-Y250F, MMTV/MT-Y315/322F, and wild-type MT strains. Cells were analyzed
for apoptotic cell death as described previously (46). Digoxigenin-labeled DNA ends were detected with horseradish peroxidase-conjugated antidigoxigenin antibodies.
Note the multiple apoptotic cells in the epithelial hyperplasias derived from the MT-Y315/322F strain and lack of comparable staining in mammary tissues from FVB/N,
MT-Y250F, and wild-type MT mice. (B) Structure of Cre-inducible expression cassette carrying the dominant negative p85 inhibitor. The dark shaded box indicates
the Mo-MuLV LTR; the arrows flanking the PGK-Neo cassette represent the LOX recombination sites. The unshaded box indicates the cDNA encoding the mutant
p85 subunit of the PI-39 kinase. (C) In situ apoptosis analyses (TUNEL) conducted with PyV MT mammary tumor cells infected with either a control adenovirus
expressing a beta-galactosidase reporter (MT-LacZ) or an adenovirus vector expressing the Cre recombinase (MT-Cre). TUNEL analyses with PyV MT tumor cells
possessing the inducible dominant negative p85 inhibitor infected with either the LacZ (MTD85nl-LacZ) or Cre adenovirus (MTD85nl-Cre) are also shown. Both sets
of cells were infected at an MOI of 100. Note the presence of numerous cells undergoing apoptotic cell death in the Cre infection panel.
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the dominant negative inhibitor can occupy its binding site but
is catalytically inert (28). Because stable expression of the p85
dominant negative mutant may not be compatible with cell
viability, we isolated an inducible expression cassette in which
the expression of the dominant negative inhibitor p85 can be
activated by the Cre recombinase (Fig. 3B). The basis for the
inducible nature of this mutant p85 derives from the presence
of a phosphoglycerate kinase (PGK) promoter-neomycin ex-
pression transcription unit between the Mo-MuLV promoter
and the p85-coding sequences. Because of the strong polyad-
enylation termination sequence in the PGK-Neo cassette up-
stream of the p85-coding sequence, transcription through p85-
coding sequences will be substantially reduced. However, due
to the presence of LOX recombination sites flanking the PGK-
Neo cassette, this interfering sequence can be excised by tran-
siently expressing Cre recombinase, leading to the expression
of the dominant p85 inhibitor (Fig. 3B) (53a).

To test whether elevated expression of the p85 dominant
negative inhibitor in these mammary tumor cells could induce
apoptotic cell death, we derived several independent PyV MT
mammary tumor cell lines that carried the inducible p85 dom-
inant negative mutant. To induce expression of this dominant
negative mutant, p85 dominant negative mutant-carrying cell
lines were infected with either an adenovirus-Cre or control
adenovirus–beta-galactosidase expression vector at an MOI of
100 (2) and subjected to TUNEL analyses. These experiments
revealed that transient expression of Cre in the p85-carrying
cells resulted in the extensive induction of apoptotic cell death
(Fig. 3C, MT-D85nl-Cre). In contrast, transfection of the con-
trol adenovirus-LacZ expression vector failed to induce signif-
icant apoptosis in these cell lines (Fig. 3C, MT-D85nl-LacZ).
In addition, adenoviral expression of either Cre recombinase
or LacZ in the parental MT cells failed to induce a comparable
apoptotic response (Fig. 3C, MT-LacZ and MT-Cre). Tran-
sient transfection of the Cre expression plasmid resulted in
similar induction of apoptotic cell death, albeit at lower levels,
which directly correlated with lower transfection efficiencies
(53a). Thus, abrogation of the PI-39 kinase signaling pathway
in PyV MT-transformed mammary tumor cells results in the
induction of apoptotic cell death. Taken together with the
TUNEL analyses with the MT-Y315/322F transgenic strains,
these data suggest that activation of the PI-39 kinase by PyV
MT may be required to prevent apoptotic cell death during
mammary tumor progression.

Biochemical characterization of mammary tumors express-
ing the mutant PyV MT antigens. Transgenic mice expressing
the wild-type PyV MT rapidly develop multifocal mammary
tumors without evidence of a hyperplastic precursor lesion
(median age at which tumors were palpable [T50] 5 53 days
[Fig. 4]) (19). In contrast, transgenic mice expressing either of
the mutant PyV MTs developed extensive mammary epithelial
hyperplasias. However, both of these strains eventually devel-
oped mammary tumors with 100% penetrance (Fig. 4). Indeed,
whole-mount analyses of the mammary glands derived from
12-week virgin animals revealed the presence of focal dysplas-
tic lesions in the MT-Y315/322F strains arising next to the
mammary epithelial tissues (Fig. 2F). Comparison of the onset
of palpable tumors for wild-type MT relative to those for the
mutants (Fig. 4) revealed that there was a significant delay in
the ability of both MT mutants to induce tumors in vivo. The
MT-Y250F-bearing mice demonstrated the longest delay in
tumor formation, with a T50 of 145 days, whereas the MT-
Y315/22F strain developed mammary tumors at a slightly ear-
lier age (T50 5 123 days). In addition, the tumors that arose in
these strains were focal in origin, in contrast to the global
multifocal phenotype displayed by the strains expressing wild-

type PyV MT (19). Histological examination of these tumors
revealed gross differences in both the cellular architecture and
differentiation status of the tumors (Fig. 4). Tumors derived
from the MMTV/MT-Y315/322F strains appeared to be less
differentiated than tumors expressing either wild-type PyV MT
or MT-Y250F oncogenes (Fig. 4). The tumors derived from
the MT-Y250F strains possessed a large stromal component
which resembled that of the primary tumors expressing an
activated c-src gene (Fig. 4B) (53), suggesting the possibility
that these tumor cells may be acting in a paracrine manner to
stimulate stromal cell proliferation.

Because association of PyV MT with Src family members is
critical in effecting transformation (20), it was important to
assess whether either PyV MT mutant was impaired in its
associated kinase activity. To this end, tumor extracts from
both wild-type MT and MT mutants were immunoprecipitated
with PyV MT-specific antisera, and in vitro kinase activity was
assessed by utilizing acid-denatured enolase as an exogenous
substrate (Fig. 5A). Although the levels of PyV MT protein
differed between tumors (as measured by 125I immunoblot anal-
ysis), careful quantitation of the data indicated that associated
kinase activities of the mutant PyV MT proteins were compa-
rable to that of wild-type MT (Fig. 5B). Taken together, these
observations strongly argue that the delayed tumorigenesis ob-
served in both mutant PyV MT transgenic strains was not a
consequence of the inability to complex and functionally acti-
vate c-Src tyrosine kinase family members.

In addition to activation of the Src family tyrosine kinases by
PyV MT, the activity of PI-39 kinase is dramatically elevated
following formation of specific complexes of the PI-39 kinase
with PyV MT (11, 54). To ascertain whether the various mu-
tant MT antigens expressed in the mammary tumors were still
capable of activating the PI-39 kinase, tumor extracts were
subjected to immunoprecipitation analyses with PyV MT-spe-
cific antisera. The immunoprecipitates were then incubated in
vitro with PI lipid and [g-32P]ATP, and the phosphorylated
lipid products were subjected to thin-layer chromatography
(Fig. 5C). After normalization for the levels of PyV MT pro-
tein in the tumor lysates, quantitative analyses revealed that
the levels of PyV MT-associated PI-39 kinase activity were
severely impaired in tumor lysates derived from the MT-Y315/
322F strains compared to tumor lysates derived from the wild-
type MT strains (Fig. 5D). Interestingly, the level of PI-39
MT-associated kinase activity observed in the MT-Y250F-de-
rived tumors was also reduced, albeit only twofold.

To ascertain whether the levels of PyV MT PI-39 kinase-
associated activities correlated with the capacity of PyV MT to
associate with the 85-kDa subunit of the PI-39 kinase, tumor
extracts were subjected to reciprocal immunoprecipitation-im-
munoblot analyses with PyV MT-specific antisera and antibod-
ies specific to the PI-39 kinase p85 regulatory subunit (Fig. 6B).
The results of these analyses revealed that the 85-kDa PI-39
kinase subunit could be detected in PyV MT immunoprecipi-
tates of extracts of the MT-Y250F- and wild-type MT-derived
tumor tissues (Fig. 6B, lanes 2 to 6, 9, and 10). In contrast, the
mutant PyV MT derived from the MT-Y315/322F tumor ly-
sates bound the mutant PyV MT antigen poorly (Fig. 6B, lanes
7 and 8). The observed differences in p85 binding between the
various mutant PyV MTs were not due to differences in the
levels of PyV MT, because immunoblot analyses revealed com-
parable levels of PyV MT protein in the samples (Fig. 6C).
Interestingly, these analyses revealed that two of the MT-
Y250F tumor samples were expressing a PyV MT protein that
migrated with faster mobility than wild-type MT protein (Fig.
6C, lanes 5 and 6). Taken together, these observations suggest
that the defect in MT-associated PI-39 kinase activity observed
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FIG. 4. Kinetics of mammary tumor occurrence and histopathology of mammary tumors derived from MMTV/wild-type MT, MMTV/MT-Y250F, and MMTV/
MT-Y315/22F transgenic animals. (A to D) Photomicrographs comparing the histology of invasive malignancies from a wild-type PyV MT (A), an MT-Y250F tumor
(B), and an MT-Y315/322F tumor (D) (magnification, 3250) with that of a noninvasive dysplasia (C) (magnification, 3100). The preinvasive MT-Y315/322F dysplastic
nodule (C) is found at the end of dialated ducts but is a more extreme form of the hyperplasia observed in Fig. 2E and represents the solid nest in Fig. 2F. (E) Age
at which a mammary tumor is first palpable in each transgenic strain. Also shown are the number of animals analyzed for each strain (n) and the median age at which
tumors are palpable (T50).
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in the MT-Y315/322F tumors is due to the inability of this
mutant to bind the 85-kDa subunit of the PI-39 kinase.

Tyrosine phosphorylation of MT residue 250 creates a high-
affinity binding site for the PTB domain of Shc (38). To deter-
mine whether Shc binding was affected in the tumors induced
by the MT-Y250F transgene, immunoprecipitation-immuno-
blot analyses with either PyV MT or Shc-specific antisera were
conducted on tumor lysates derived from both mutant and
wild-type MT strains. As expected, complexes of Shc and PyV
MT were detected in tumor lysates derived from either the
mutant MT-Y315/322F or wild-type MT lysates (Fig. 6A, lanes
7 to 10). However, no detectable complexes between PyV MT
and Shc were observed in the tumor lysates from three MT-
Y250F lysates (Fig. 6A, lanes 2 to 4). However, coimmunopre-
cipitation analyses of two other MT-Y250F tumor samples that
expressed the altered PyV MT (Fig. 6C, lanes 5 and 6) revealed
PyV MT-associated Shc (Fig. 6A, lanes 5 and 6). Reprobing of
the same blot with MT-specific antibody pAB701 revealed that
the differences in Shc binding between these samples could not
be due to differences in the levels of PyV MT (Fig. 6C). These
observations argue that in certain cases the mutant PyV MT-
Y250F protein has reacquired the capacity to associate with

Shc, perhaps through the occurrence of somatic mutations in
PyV MT-coding sequences.

Tumor progression in the MT-Y250F strains involves the
reacquisition of a functional Shc binding site. Our biochemical
and genetic analyses of tumors derived from the MT-Y250F
strains revealed that the PyV MTs of certain tumors were
capable of binding to Shc (Fig. 6A, lanes 5 and 6), seemingly as
a result of a deletion occurring in PyV MT-coding sequences
(Fig. 6C, lanes 5 and 6). Because somatic mutation and con-
sequent reversion of the transgene could potentially account
for the ability of PyV MT to bind to Shc, we designed a method
with which to screen large numbers of mammary tumors and
derived lung metastases for potential reversion of the mutant
PyV MT cDNAs. To accomplish this, an RNase protection
probe corresponding to this region of wild-type PyV MT-cod-
ing sequences was created, and RNase protection conditions
were modified so as to allow the detection of single-base-pair
mismatches or deletions (see Materials and Methods). Due to
the stringent RNase digestion conditions used in these assays,
multiple protected fragments (Fig. 7A, MT-Y250F) were ob-
served, rather than just the two expected protected fragments
corresponding to the cleavage at the single-nucleotide mis-

FIG. 5. PyV MT-associated in vitro kinase activities in mammary tumors of the various PyV MT mutants. (A) PyV MT-associated tyrosine kinase activity in tumors
induced in the MT-Y315/322F, MT-Y250F, and wild-type MT strains. Mammary tumor lysates derived from MT-Y315/322F, MT-Y250F, wild-type MT, and control
MMTV/Neu (N202) (20) strains were subjected to immunoprecipitation with PyV MT-specific antisera and incubated with g-32P-labeled ATP in the presence of
exogenous enolase substrate. (B) Phosphorimager quantitation of enolase phosphorylation, is normalized to the levels of PyV MT protein. (C) PyV MT-associated PI-39
kinase activity in tumors induced in the MT-Y315/322F, MT-Y250F, and wild-type MT strains. Mammary tumor lysates derived from MT-Y315/322F, MT-Y250F,
wild-type MT, and control MMTV/Neu (N202) strains (21) were subjected immunoprecipitation with PyV MT-specific antisera and incubated with g-32P-labeled ATP
in the presence of exogenous PI lipid. (D) Phosphorimager quantitation of the phosphorylated PI-39 lipid, normalized to the levels of PyV MT protein.
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match at the phenylalanine substitution at tyrosine residue 250.
As shown in Fig. 7A, these RNase protection analyses revealed
that two of the seven primary MT-Y250F mammary tumors
exhibited a pattern of protected fragments that differed from
the other MT-Y250F tumor samples (lanes 5 and 7). One set
of protected fragments migrated at a position expected for
wild-type MT (Fig. 7A, lane 7) whereas the other sets of pro-
tected fragments were consistent with the occurrence of a
deletion in MT-Y250F-coding sequences (Fig. 7A, lane 5). Of
the 57 primary tumor RNA samples analyzed by this approach,
a total of four samples exhibited RNase protection patterns
corresponding to either wild-type or deleted forms of PyV MT
(Fig. 7B). Interestingly, animals displaying these altered tran-
scripts developed extensive lung metastases which also gave
protected species characteristic of the primary tumors (Fig.
7A, lanes 8 and 11). Analyses of further sets of metastatic
mammary tumors from different MT-Y250F animals demon-
strated that an additional lung metastasis also displayed an
RNase-protected fragment characteristic of the wild-type PyV
MT transgene (Fig. 7A, lane 10). Using a similar RNase pro-
tection approach, we also tested whether a comparable num-
ber of MT-Y315/322F tumors displayed any evidence for re-
version. In contrast to the case for the MT-Y250F samples,
RNase protection analyses of the MT-Y315/322F tumor RNA
samples failed to exhibit evidence for reversion of the mutant
PI-39 kinase binding site (53a).

To investigate the precise structures of these altered tran-
scripts, RNA samples derived from these tissues were sub-

jected to reverse transcription-PCR (RT-PCR) with oligonu-
cleotides flanking this region of the PyV MT cDNA followed
by direct DNA sequence analyses. The results of these exper-
iments revealed that the altered transcripts encoded either a
wild-type MT-coding sequence as a result of a single nucleo-
tide substitution or a deletion that removed the phenylalanine
residue at position 250 and five adjacent amino acids (Fig. 7B).
The union of DNA following the deletion creates a tyrosine
residue regenerating the Shc binding core sequence NPTY
(Fig. 7B). A similar analysis of metastatic tumors in arising in
these strains revealed that 36% (n 5 11) of these had acquired
either one of these reversions (Fig. 7B).

To further test the possibility that the MT deletion was
responsible for the induction of the mammary tumor metasta-
ses, the corresponding deletion (dlMT) was engineered into a
wild-type MT cDNA in mammalian expression cassette J4-v,
and its transforming activity was assessed in Rat-1 fibroblasts.
The results revealed that the dlMT mutant displayed a trans-
forming activity comparable to that of wild-type PyV MT
(93.4% 6 11.6% of that of wild-type MT). In contrast, neither
of the parental PyV MT mutants was able to efficiently trans-
form Rat-1 cells (53a). These observations suggest that tumor-
igenesis in the MT-Y250F strain in certain tumors involves the
occurrence of somatic mutations in the transgene that restore
Shc binding.

Tumor progression in the mutant PyV MT strains involves
the coordinate upregulation of ErbB-2 and ErbB-3 growth
factor receptor tyrosine kinases. Whereas reversion of the Shc
binding site can account for tumorigenesis in 7% of the pri-
mary tumors in the MT-Y250F strains, the majority of the
tumors that arise in either mutant PyV MT strain appear to
retain the mutant transgene configuration. One possible expla-
nation for these observations is that tumor progression in these
strains involves the indirect recruitment of the PI-39 kinase and
Shc signaling pathways through activation of specific growth
factor receptors. For example, for both murine and human
mammary tumors there is compelling evidence to suggest that
elevated expression of the ErbB-2 and ErbB-3 members of the
epidermal growth factor receptor (EGFR) family are function-
ally involved in tumor induction (6). Significantly, this het-
erodimer combination of EGFR family members has been
demonstrated to result in the recruitment and activation of
both the PI-39 kinase and Shc signaling molecules (39, 44). To
explore this possibility, we examined the levels of ErbB-2 and
ErbB-3 receptor tyrosine kinases in both hyperplasias and tu-
mors from either the MT-Y315/322F or MT-Y250F strains
with antibodies specific to either ErbB-2 or ErbB-3. As shown
in Fig. 8, comparison of the levels of ErbB-2 and ErbB-3 in
tumors derived from the MT-Y315/322F strain revealed a dra-
matic upregulation in the levels of both ErbB-2 and ErbB-3
proteins in three of the four tumors compared to those in
mammary epithelial hyperplasias (Fig. 8A, compare lanes 6 to
8 with lanes 1 to 4). Analyses of a larger sample of tumors
derived from these strains (n 5 10) revealed that 80% of the
tumors expressed elevated levels of both of these EGFR family
members. The differences in levels of expression of ErbB-2 and
ErbB-3 between the hyperplasias and the tumors could not be
accounted for by differences in transgene expression, since
both hyperplasias and tumors expressed equivalent amounts of
PyV MT transcript (Fig. 1B, compare lanes 10 and 16; Fig. 1D,
compare lanes 1 and 15). These observations suggest that the
progression of the mammary epithelial hyperplasias to tumors
in the MT-Y315/322F strains is correlated with the upregula-
tion of ErbB-2 and ErbB-3 expression.

To determine whether elevated expression of ErbB-2 and
ErbB-3 could also be detected in the tumors derived from the

FIG. 6. Binding properties of Shc and the p85 subunit of the PI-39 kinase
with the various mutant PyV MTs expressed in mammary tumors. (A) Shc
immunoblot analysis of MT-specific immunoprecipitates (IP) isolated from MT-
Y250F (lanes 2 to 4), reverted MT-Y250F (dl MT) (lanes 5 and 6), MT-Y315/22F
(lanes 7 and 8), and wild-type MT (lanes 9 and 10) mammary tumors. As a
nonspecific control, a protein lysate derived from an MMTV/Neu mammary
tumor (lane 1) was also included. The MT-associated 52-kDa Shc protein is
indicated by the arrow. (B) The same PyV MT immunoprecipitates were sub-
jected to p85 immunoblot analyses. As a nonspecific control, a protein lysate
from an MMTV/Neu tumor (lane 1) was also included (18). The p85 kDa subunit
of the PI-39 kinase is indicated by the arrow. (C) PyV MT immunoblot analysis
of MT-specific immunoprecipitates isolated from the same sets of mammary
tumor samples. As a nonspecific control, mammary tumor protein lysate derived
from an MMTV/Neu tumor was included. Indicated by the arrows are the
wild-type 56-kDa PyV MT and deleted MT (dlMT) mutant proteins.
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FIG. 7. Restoration of Shc binding in the MT-Y250F mutant can occur through somatic mutations in the transgene during tumor progression. (A) Stringent RNase
protection analyses on RNA samples derived from either primary mammary tumors (lanes 1 to 7) or lung metastases (lanes 8 to 13) arising in the MT-Y250F strains.
Thirty micrograms of total RNA was hybridized with an antisense riboprobe (MTsn301) spanning the wild-type MT Shc binding site. The arrows indicate the expected
protected bands for a wild-type MT (MT) or MT-Y250F transcript. Also shown is expected cleavage occurring at tyrosine residue 250. Note that the 1760 RNA sample
(lane 5) displays an RNase protection profile that is deleted relative to the expected MT-Y250F pattern. (B) DNA sequence analyses of the transcripts detected in the
MT-Y250F samples. Sequence analysis of cloned RT-PCR products from these tumors confirmed the presence of a phenylalanine residue substitution at site 250 for
RNA tumor samples exhibiting the expected MT-Y250F RNase protection profile (lanes 1 to 4, 6, 9, 12, and 13 in panel A). DNA sequence analyses of the tumor
samples derived from tumor samples displaying wild-type MT RNase protection profile (lanes 7, 10, and 11 in panel A) revealed the presence of a T-to-A mutation
leading to conversion of the phenylalanine to tyrosine. Sequence analyses of the RT-PCR product derived from deleted transcript revealed the presence of an
18-nucleotide in-frame deletion spanning the binding site tyrosine residue (nucleotides 730 to 783). Also indicated are critical amino acid residues implicated in Shc
and 14-3-3 binding. Note that the 18-nucleotide deletion restores the Shc binding consensus NPXY. The relative incidence of either the point mutation (WT MT) or
the deletion (dlMT) is indicated in both primary tumors (BT) and lung metstases (LUNG METS).
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MT-Y250F strains, protein extracts derived from either mam-
mary epithelial hyperplasias or mammary tumors were sub-
jected to immunoblot analyses with either ErbB-2- or ErbB-3-
specific antisera (Fig. 8B). The tumors derived from these sets
of samples failed to display any evidence of reversion of the
mutant Shc binding site. The results of these analyses revealed
that like the MT-Y315/322F-derived tumors, the MT-Y250F-
derived tumors expressed elevated levels of both the ErbB-2
and ErbB-3 growth factor receptors compared to those in
hyperplastic mammary epithelium. Taken together, these ob-
servations argue that upregulation of these growth factor re-
ceptor signaling pathways plays an important role in tumor
progression in both of these mutant PyV MT transgenic
strains.

DISCUSSION

The PyV MT oncogene provides an excellent model to allow
identification of the important signaling pathways involved in
mammary tumorigenesis. Given the potent transforming activ-
ity of the PyV MT oncogene in the mammary epithelia of
transgenic mice (19, 20), we sought to exploit this system to
elucidate the relative contributions of the PyV MT coupled
signaling pathways in PyV MT-mediated mammary tumorigen-
esis. To elucidate the roles of Shc and PI-39 kinase in PyV

MT-mediated tumorigenesis, we have derived transgenic mice
that express mutant PyV MT oncogenes defective in their
capacity to bind to these signaling proteins. Consistent with
previous studies of MMTV-driven transgenes, analyses of the
tissue-specific patterns of expression of both PyV mutant MT
cDNAs revealed that the primary site of expression was the
mammary gland, with secondary sites noted in the male repro-
ductive tissues and salivary glands (Fig. 1 and Tables 1 and 2).
In both sets of transgenic strains, the initial phenotype exhib-
ited by female mice was the inability to lactate. Whole-mount
analyses of the mammary epithelia of virgin females from ei-
ther the MT-Y250F or MT-Y315/322F strains showed that
they displayed extensive epithelial hyperplasias that were his-
tologically distinct (Fig. 2).

The observation that the mammary epithelial hyperplasias
derived from the MT-Y315/322F strains exhibit elevated rates
of apoptosis (Fig. 3A) suggests that activation of PI-39 kinase
plays a critical role in promoting cell survival. Moreover, ex-
pression of a dominant negative inhibitor of PI-39 kinase in
mammary tumor cells expressing wild-type PyV MT resulted in
the rapid induction of programmed cell death (Fig. 3C). These
observations are consistent with the emerging concept that
activation of the PI-39 kinase signaling pathway is involved in
the regulation of apoptosis in a number of different cell types.
For example, abrogation of growth factor-mediated activation
of the PI-39 kinase signaling pathway through administration of
either specific PI-39 kinase inhibitors or expression of mutant
growth factor receptors decoupled from the PI-39 kinase in a
number cell types results in the induction of apoptotic cell
death (23, 55). More recently, it has been demonstrated that
activation of the PI-39 kinase blocks c-Myc- or UVB-induced
apoptosis in fibroblasts (23, 29). In addition, recent studies
demonstrate that activation of the Akt kinase, which is imme-
diately downstream of the PI-39 kinase (15), can also prevent
c-Myc-induced apoptosis (23, 29). Taken together with our
observations, these data suggest that activation of the PI-39
kinase signaling pathway may be required to promote cell
survival.

Although the initial phenotypes observed with the PyV MT
mutant strains were mammary epithelial hyperplasias, females
derived from several independent strains developed mammary
tumors with 100% penetrance. However, in contrast to paren-
tal wild-type PyV MT strains, which developed multifocal
mammary tumors, the tumors in the mutant PyV MT mutant
strains were focal in origin, arising adjacent to hyperplastic
mammary tissue (Fig. 2 and 4). Moreover, the tumors arose
with delayed onset in comparison to the case for wild-type
strains (Fig. 4). Measurement of associated tyrosine kinase
activity of mutant PyV MT species isolated from mammary
hyperplasias or tumors revealed that association with and con-
sequent activation of c-Src was unaffected compared to that for
wild-type PyV MT (Fig. 5). Thus, the increased latency with
which mammary tumors arise in both PyV MT mutant trans-
genic strains is not due to an inability to complex with and
activate the Src family of tyrosine kinases. Although recent
studies have suggested that tyrosine 322 in PyV MT is also
capable of binding PLCg in certain cell types (47), we and
others have failed to detect evidence of comparable complexes
of murine PyV MT and PLCg in tumors induced by the PyV
MT oncogene (3, 53a). Although we cannot formally preclude
the potential involvement of other PTB domain- or SH2-con-
taining signaling molecules in these mutant PyV phenotypes,
the failure of PyV MT to bind the corresponding associated
cellular protein (i.e., Shc in MT-Y250F mice and PI-39 kinase
in MT-Y315/322F transgenic mice) is likely responsible for the

FIG. 8. Elevation of ErbB-2 and ErbB-3 expression during tumor progres-
sion in the mutant PyV MT strains. (A) Immunoblot analyses of mammary
epithelial hyperplasias (HP) or breast tumors (BT) from the MT-Y315/322F
strain. One hundred micrograms of total protein lysate for four different hyper-
plasias (2480, 7184, 8786, and 8789) and tumors (7450, 7887, 8673, and 8064) was
subjected to immunoblot analyses with either ErbB-2- or ErbB-3-specific anti-
bodies. (B) Immunoblot analyses of mammary epithelial hyperplasias or breast
tumors from the MT-Y250F strain. Sixty micrograms of total protein lysate for
four different hyperplasias (8137, 8814, 8458, and 9086) or breast tumors (8809,
8566, 6879, and 9687) was subjected to immunoblot analyses with either ErbB-2
or ErbB-3.

2356 WEBSTER ET AL. MOL. CELL. BIOL.



delayed onset of mammary tumors observed in these mutant
PyV MT strains.

The data generated suggest that expression of the PyV MT
mutants is not sufficient for mammary tumorigenesis and re-
quires additional genetic events. In contrast to these observa-
tions, it has recently been reported that inactivation of the Shc
binding site does not interfere with the ability of PyV to induce
a variety of tumors in animals (4). More recently, another
independent group reported that an Shc binding site PyV mu-
tant displayed an altered tumor spectrum (56). However, in
both these reports the incidence of mammary tumors was un-
affected by the introduction of the Shc binding site mutant.
The difference between these observations and ours may be
due to the fact that in the other studies a functional PyV large
T antigen is also expressed (4, 56) and may compensate for
inability of PyV MT to associate with and activate Shc. Alter-
natively, unlike that of other tissues, transformation of the
mammary epithelial cell may require activation of Shc. Indeed,
it has been demonstrated that the requirement for Src in PyV
MT-mediated tumorigenesis is highly dependent on the tissue
context (20, 25). Whatever the explanation, our observations
strongly suggest that activation of Shc is required for PyV
MT-mediated mammary tumorigenesis.

One important clue to the nature of these additional events
derives from observations that in 7% of the tumors arising in
the MT-Y250F strains, the mutant PyV MT had reacquired the
capacity to bind Shc through somatic mutations occurring in
the transgene. DNA sequence analyses of these alterations
revealed that restoration of Shc binding can occur either
through simple point mutation at the substituted phenylala-
nine codon or through an in-frame deletion of 18 bp occurring
immediately downstream of the phenylalanine codon (Fig.
7B). Another interesting aspect of these reversions is that they
occurred at a much higher frequency in lung metastases (Fig.
7B). Indeed, of the 11 metastatic lesions examined, 36% pos-
sessed either reversion event, suggesting that there is a selec-
tive pressure for restoration of Shc binding during PyV MT-
mediated metastatic progression. Because Shc can recruit the
Grb-2–Sos–Ras complex to PyV MT (14, 42, 50), the selection
for Shc binding during metastasis reflects an essential role for
activation of the Ras pathway during metastatic progression. In
this regard, we have recently demonstrated that ectopic expres-
sion of Grb-2 in the mammary epithelium of the MT-Y250F
strains can result in dramatic acceleration of growth of mam-
mary tumors (40). Alternatively, the requirement for Shc bind-
ing may reflect its ability to recruit other signaling pathways.
Indeed, it has recently been demonstrated that tyrosine phos-
phorylation of tyrosine residues 239 and 240 in Shc is involved
in the generation of an antiapoptotic signal involving activation
of the Myc transcription factor (17). Determination of the
prevalent signaling pathways involved in this phenotype will
provide important insight into the molecular basis of meta-
static progression.

In contrast to those from MT-Y250F transgenic animals,
tumors derived from the MT-Y315/322F strains failed to dem-
onstrate reversion at either tyrosine phosphorylation site in the
transgene responsible for binding the p85 subunit of the PI-39
kinase. It is conceivable that tumorigenesis in these mutant
strains requires recruitment of PI-39 kinase but that this occurs
in an indirect manner. Activation of growth factor receptors in
an autocrine or paracrine manner during tumor progression in
these strains could lead to the indirect recruitment of the PI-39
kinase signaling pathway. In this regard, we have demonstrated
that the ErbB-3 and ErbB-2 EGFR family member which
specifically couples to the PI-39 kinase and Shc signaling path-
ways (39, 44) is upregulated during the transition of mammary

epithelial hyperplasias to the tumor phenotype in both these
mutant strains (Fig. 8). Consistent with these observations,
other studies have demonstrated that recruitment of PI-39 ki-
nase by activated growth factors such as platelet-derived
growth factor and insulin growth factor-2 is required to provide
a survival signal to prevent cells from undergoing apoptosis
(35, 55). However, the identification of potential signaling
pathways that may be involved in tumor progression in these
mutant MT strains awaits further investigation.

Activation of PI-39 kinase-coupled growth factor receptors
during tumor progression in these various transgenic strains
may reflect the requirement for the generation of an antiapop-
totic signal (Fig. 3). Indeed, in the insulin promoter-SV40 large
T antigen transgenic mice there is suppression of apoptotic cell
death during tumor progression (35). In addition to suppress-
ing apoptotic cell death, activation of the PI-39 kinase by PyV
MT may influence other important steps involved in tumor
progression. In this regard, we and our collaborators have
recently demonstrated that mammary tumor cells expressing
the MT-Y315/322F mutant showed a marked decrease in the
induction of angiogenic blood supply that was further corre-
lated with a 10-fold decrease in metastatic potential compared
to that for a mammary tumor cell line expressing wild-type PyV
MT (9). Consistent with these observations, we have found that
only 36% of tumor-bearing female animals carrying the mutant
MT-Y315/322F develop metastatic lesions (53a), whereas
100% of those carrying the parental wild-type MT strains de-
velop lung mestastases (19). More recently, a transforming
homolog of the PI-39 kinase has been described, suggesting
that activation of the PI-39 kinase can directly result in the
induction of tumors (7). Taken together, these observations
suggest that recruitment of the PI-39 kinase by PyV MT may
play multiple roles in tumor progression.

Given that activation of Ras appears to be a common com-
ponent of receptor tyrosine kinase signaling cascades, the ob-
servation that the PyV MT mutant defective in its capacity to
associate with Shc–Grb-2 is also impaired in its ability to in-
duce tumors suggests that direct recruitment of the Ras path-
way is critical for tumor progression. Indeed, it has been dem-
onstrated that PyV MT requires Ras function to transform
fibroblasts in vitro (22). However, despite the defect in tumor
induction, expression of the MT-Y250F mutant is still capable
of inducing extensive epithelial hyperplasias. It is conceivable
that the mitogenic response of mammary epithelial cells to the
PyV MT-Y250F mutant reflects its capacity to signal in a Ras-
independent fashion. Indeed, the Raf serine kinase can be
activated by c-Src through a Ras-independent mechanism (46).
Alternatively, the MT-Y250F mutant may stimulate cell pro-
liferation by indirectly activating the Ras signaling pathway.

The studies described above have important implications in
elucidating the molecular basis for the oncogene-mediated in-
duction of metastatic mammary tumors. Our studies suggest
that recruitment of both Shc and PI-39 kinase signaling mole-
cules to PyV MT plays a critical role in the transition from
mammary hyperplasias to metastatic mammary tumors. These
observations further argue that mammary tumorigenesis in
these transgenic mouse models is dependent on the concerted
activation of both cell-proliferative and survival-coupled path-
ways. The results of this study also have general implications
with respect to the roles that growth factor receptor-coupled
signal transduction pathways play in tumor progression. Be-
cause tumor progression in these mutant PyV MT strains is
dependent on the genetic events that complement the defects
in these signaling pathways, these transgenic tumor models can
serve as a powerful genetic system to dissect the importance of
various signaling molecules in mammary tumor progression.
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Further studies with these mutant PyV MT transgenic mice
will provide important insight into the nature of events in-
volved in the progression of mammary epithelial hyperplasias
to metastatic mammary tumors.
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